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ABSTRACT
The path to understanding star formation processes begins with the study of the formation of
molecular clouds. The external layers of these clouds share properties with the diffuse warm neutral
medium (WNM) from which they were formed. The low column densities allow the penetration of
ultraviolet radiation, resulting in a non-negligible ionization fraction and the charging of the small dust
grains that are mixed with the gas.
Despite the general assumption that dust and gas are tightly correlated, several observational and
theoretical studies have reported variations in the dust-to-gas ratio toward diffuse and cold clouds.
In this work, we present the implementation of a new charged particles module for analyzing the dust
dynamics in the WNM. We study the evolution of a single population of small charged grains (0.05
µm) in the turbulent, magnetized WNM using this module. We show that variations in the dust-to-gas
ratio arise due to the coupling of the grains with the magnetic field, forming elongated dust structures
decoupled from the gas. This emphasizes the importance of considering the dynamics of charged dust
when simulating the different phases of the interstellar medium, especially for star formation studies.
Keywords: interstellar clouds – interstellar dust — warm neutral medium — star formation
1. INTRODUCTION
Molecular clouds (MCs) are the galactic reservoirs of
molecular material where star formation takes place. It
is therefore necessary to understand their formation and
evolution if one aspires to comprehend the physical pro-
cesses involved in star formation.
It is known that MCs are formed from a more dif-
fuse medium that becomes thermally unstable (see the
recent reviews by e.g. Ballesteros-Paredes et al. 2020
and Chevance et al. 2020). Their turbulent nature
(Elmegreen & Scalo 2004) is inherited from the parental
gas (Meidt et al. 2018; Kruijssen et al. 2019), and is
mantained by several processes both at large and small
scales, such as supernova explosions (Padoan et al. 2016;
Bacchini et al. 2020) or stellar jets (Federrath 2015;
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Offner & Liu 2018). This turbulence, together with the
pervasive galactic magnetic field, plays a fundamental
role in the fragmentation of the cloud and the formation
of dense gas filaments where stars are actually formed
(Myers & Goodman 1988; Fiege & Pudritz 2000; Naka-
mura & Li 2008; Inutsuka et al. 2015).
MCs are formed from the accretion of warm, diffuse
gas from the warm neutral medium (WNM), character-
ized by its atomic composition (mainly HI), tempera-
tures of approximately 6000K, densities ranging from
0.2 - 0.5 cm−3 (Ferrie`re 2001) and ionization fractions
of χ ∼ 0.1 (Klessen & Glover 2016). Therefore, the
envelopes of MCs share properties with the WNM, and
they constitute the transition layers between the hot ion-
ized gas of the diffuse interstellar medium (ISM) and the
interiors of the clouds. The net charge of the species in
the WNM favours the coupling of the cloud with the
galactic magnetic field, which act as a carrier of hydro-
magnetic waves (Balsara 1996); they may also facilitate
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the penetration of cosmic rays inside the cloud (Ivlev
et al. 2018).
A key ingredient in the transition from atomic to
molecular gas is the interstellar dust, whose distribu-
tion seems to be correlated with that of the gas (Bohlin
et al. 1978; Boulanger et al. 1996; Roman-Duval et al.
2010; Lenz et al. 2017). Despite representing only 1%
in mass of the ISM, interstellar dust grains play a fun-
damental role in several physical phenomena. They act
as catalyst in chemical reactions (Hollenbach & Salpeter
1971; Cazaux & Tielens 2004; Shingledecker et al. 2020),
shield the interior of the clouds from the high energy ul-
traviolet (UV) radiation, and contribute to the thermal
regulation of the cloud (Bakes & Tielens 1994; Wolfire
et al. 1995; Weingartner & Draine 2001; Hocuk & Spaans
2010)
Due to their composition, the dust grains acquire a net
charge in the presence of a radiation field (Weingartner
& Draine 2001); even in the densest regions of MCs,
grains may be charged due to the action of cosmic rays
(Ivlev et al. 2015). In the WNM, dust grains contribute
to the magnetic field coupling and affect the propaga-
tion of hydromagnetic waves (Pilipp et al. 1987; Cramer
& Vladimirov 1997) and, in last instance, star formation
(Nakano 1998). It is then crucial to consider interstellar
dust grains when studying the formation and evolution
of MCs.
Over the last decade, our knowledge of the cold ISM
has grown exponentially thanks to the results of dedi-
cated missions such as Herschel (see e.g. Andre´ et al.
2010; Arzoumanian et al. 2011; Palmeirim et al. 2013)
and Planck (Planck Collaboration et al. 2018a,b). How-
ever, the characterization of the diffuse ISM is more chal-
lenging, since it requires tracers sensitive to low column
densities, such as 12CO (Falgarone & Phillips 1996; Fal-
garone et al. 2005). An alternative approach, which is
very time-consuming, is to perform a spectroscopic sur-
vey of the neutral and ionized components of the ISM
at optical an UV wavelengths (Savage & Sembach 1991;
Lallement et al. 2003; Redfield et al. 2004; Welsh et al.
2010).
With these ingredients, it seems that a full character-
ization of MCs may be within reach. However, obser-
vations give at most a line-of-sight averaged view of the
processes involved in MC evolution and thus, to under-
stand the underlying physics, numerical simulations of
these processes are required.
It has been predicted that negatively charged grains
may affect the star formation efficiency due to gyroreso-
nance effects with MHD waves propagating inside MCs
(Pilipp et al. 1987; Nakano 1998; Falceta-Gonc¸alves
et al. 2003; Hopkins et al. 2020). For instance, Chap-
man & Wardle (2006) demonstrated that C-type MHD
shocks profiles are deeply affected by the presence of
a population of charged grains; Pandey & Vladimirov
(2019) have recently shown that the Kevin-Helmholz in-
stability in MCs depends on the dust charge density and
size distribution; and Wardle (2007) and Pinto et al.
(2008) derived the modified coefficients for non-ideal
MHD effects (Ohmic resistivity, and ambipolar and Hall
diffusion) in the presence of charged dust grains. How-
ever, none of the abovementioned studies followed the
numerical evolution of a MC in the presence of a popu-
lation of dust.
The main trend has been to consider the aerodynamic
drag of dust in the framework of protoplanetary disks
(Bai & Stone 2010; Price et al. 2018; Mignone et al.
2019). Up to the knowledge of the authors, the only
ones that have included the physics of charged grains in
their MHD simulations are Lee et al. (2017); they have
devoted a series of papers to the exhaustive study of
resonant instabilities that arise between gas and charged
dust over different phases of the ISM when dust motions
are driven by an external force (Hopkins & Squire 2018;
Seligman et al. 2019; Hopkins et al. 2020).
In this article, we study the dynamics of both gas and
charged dust under the conditions of the WNM with a
modified version of the MHD code Athena1 (Stone et al.
2008). In Section 2 we present our implementation of the
dynamics of charged dust. In Section 3, we present the
numerical 2D model for the MC envelope (3.1) and ana-
lyze the local variations of the dust-to-gas ratio (3.2) as
well as the dust filamentary structure (3.3). In Section
4, a discussion of the results is provided and the main
results are highlighted in Section 5.
2. NUMERICAL MODELING OF CHARGED DUST
We worked with the latest stable version of Athena
(v4.2). This C-version is the one that has already imple-
mented an aerodynamic particles module (Bai & Stone
2010, hereafter BS2010). In this section, we detail how
we have expanded this module by adding the necessary
equations that take into account the dust dynamics. We
have also carried out different tests for checking this new
implementation that are detailed in Appendix A.
Apart from the traditional drag term characterized by
the stopping time ts (Weidenschilling 1977), we added
two terms to the equation of motion of a charged particle
that account for the Coulomb drag from charged gas
species and the Lorentz force:
1 https://princetonuniversity.github.io/Athena-Cversion/
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dv
dt
= −v − u
ts
− νC(v − u) + Ze
mdc
(v − u)×B (1)
In the above equation, v is the velocity of the dust
grain, u is the gas velocity, ts is the aerodynamic stop-
ping time, Z is the grain charge, md is the dust mass,
c is the speed of light and the term νC is an additional
drag term that accounts for Coulomb interactions be-
tween charged grains and ions/electrons in the plasma:
νC =
4
3
√
2piZ2de
4 ln Λnch
(kT )3/2
(
δ√
mion
+
(1− δ)√
me
)
(2)
In this equation, ln Λ = ln[(3kT/2e3)(kTme/ρepi)
1/2]
is the Coulomb logarithm, nch is the density of charged
dust grains, and δ = 1 if Z < 0, δ = 0 otherwise; this
means that negatively (positively) charged dust grains
interact with the ions (electrons) in the gas. We dis-
regarded the effect of the electric field derived from the
magnetic field in the Lorentz force because we are mainly
interested in studying the effects of first order terms.
We coupled the integration of the Lorentz force and
the Coulomb drag in the semi-implicit integrator of
BS2010, which is very similar to the Boris integrator
(Boris 1970) implemented by Lehe et al. (2009). Follow-
ing the notation by BS2010, the equations to solve for
the particle dynamics are:
dx
dt
= v,
dv
dt
= a[v,x,un+1/2(x)] (3)
where we have grouped all the acceleration terms in
eq. (1) under the term a. Then, the velocity update can
be computed using the predicted particle position x′ as:
v(n+1) = v(n) + hΛ−1a(v(n),x′,u(x′)), Λ = 1− h
2
∂a
∂v
(4)
where the Jacobian matrix for eq. (1) is:
∂a
∂v
=
− 1ts − νC QBz −QBy−QBz − 1ts − νC QBx
QBy −QBx − 1ts − νC
 (5)
In the above matrix, we have termed for simplicity
Q
.
= Ze/mdc.
The last consideration for the implementation of
charged particles is the numerical timestep. In order
to integrate accurately the oscillation of a charged par-
ticle, it is necessary to require the timestep to be con-
siderably smaller than the particle’s Larmor time. As a
compromise between numerical accuracy and computa-
tional cost, we have chosen the same value as that by
Lee et al. (2017):
∆t =
CFL
10
min
(
mdc
Zde|B| ,∆tMHD
)
(6)
where CFL is the Courant-Friedrichs-Lewy number
and tMHD is the timestep computed without consider-
ing the dust particles.
3. SIMULATIONS OF A MOLECULAR CLOUD
ENVELOPE
3.1. Numerical model
We solve with Athena the equations for isothermal,
ideal MHD in 2D together with Eq. 1 for the dust dy-
namics in a box of length L with periodic boundary
conditions.
As a first step in the study of the dynamics of charged
dust in MCs, we developed a very simple model of a MC
envelope that responds to the common physical param-
eters of the WNM. The ambient gas is composed by HI
at T = 6000K with an ionization fraction χ = 0.1; the
magnetic field strength is chosen to be B = 10−6 G,
in concordance with the measured values in the ISM of
a few µm (Ferrie`re 2001). The gas density is n = 10
cm−3, a selection justified by observational evidence
(Blitz et al. 2007; Fukui et al. 2009, 2017).
The dust population is represented by 80,000 test
particles that share the same properties: a radius of
ad = 5 × 10−6cm and an internal density of ρintd = 1g
cm−3. Their are randomly distributed over the whole
domain with a velocity taken from a Gaussian distribu-
tion with deviation vth, the isothermal sound speed. For
these grains, we computed an average electric charge un-
der the assumption of statistical equilibrium of Z = −17
following the procedure described in Weingartner &
Draine (2001).
Initially, the medium is uniform in density, with the
magnetic field parallel to the x-axis. The box size is
chosen to be L = 1 pc, a value that allows to resolve the
characteristic gas filament widths of 0.1 pc (Arzouma-
nian et al. 2011). We introduced a turbulent spectrum
in velocity as the superposition of four waves with wave-
lengths λ0 = L/24, λ1 = 26L/72, λ2 = 49L/72, λ3 = L
and wave amplitude u0 = vth(kn/k0)
3/2:
ux = u0
3∑
n=0
cos(kny)
uy = u0
3∑
n=0
sin(kny) (7)
uz = 0
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The wave spectrum has been chosen such that the
number of waves (Nwaves = 4) is large enough to pro-
duce a turbulent state in the gas, but small enough to
follow the individual effects of each wave. The longest
wavelength is chosen to be λmax = L, while the short-
est one is λmin = 1/24, much larger than the resolution
of the domain; the other wavelengths have been chosen
from the following relationship: λn = λmin+n∗(λmax−
λmin)/(Nwaves − 1).
The simulation has been run with a resolution of
1024 × 1024 pixels2 and up to t = 5 (code units,
∼ 0.4Myr), which ensures that the waves have prop-
agated five times across the domain.
3.2. Decoupled motions of gas and dust
Motivated by the apparent linear relationship between
gas and dust column density reported by several au-
thors (Savage et al. 1977; Bohlin et al. 1978; Predehl &
Schmitt 1995; Lenz et al. 2017) we studied the distribu-
tion of gas and dust in the simulation.
We built dust distribution maps from the particle’s po-
sitions assuming an initial dust-to-gas ratio ρd/ρg = 0.01
(Spitzer 1954). For the initial conditions, we estimated
the dust mass contained in the total volume of 1 pc2(×1
pc) and distributed it equally over the 80,000 test parti-
cles, obtaining a represented mass and represented num-
ber of real particles, Nparreal. We considered that the test
particles are located in the center of a (squared) cloud of
uniformly distributed real particles, where the cloud size
is 2bcrit, being bcrit = ad
√
Nparreal the impact parameter;
this parameter will be crucial to study the coagulation
of test particles (Beitia-Antero et al., in prep.). We dis-
tributed the dust mass over a matrix with the same size
as the resolution of the simulation (1024 × 1024) and
normalized it such that a value of 1 corresponds to the
assumed dust-to-gas ratio of 0.01. The dust and gas
maps at the final stage of the simulation are shown in
Fig. 1.
If we look at the dust-to-gas ratio maps in Fig. 2,
we observe that there are certain regions where the val-
ues are significantly larger than the expected average
of 0.01 (value equal to unity in the normalized maps).
On the other hand, there are some regions of the simula-
tion where the dust-to-gas ratio is very small or that are
completely devoid of dust. This may be attributed to
the fact that we are following the dynamics of discrete
particles, but since the initial distribution of dust grains
is uniform over the domain and the initial gas conditions
are homogeneous, they are very likely regions where the
dust abundance is negligible. Finally, it is worth not-
ing that the dust overdensities and show a filamentary
structure that will be studied in Sec. 3.3.
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Figure 1. Upper panel : gas density map of the turbulent
WNM at the end of the simulation. It is normalized such
that at t = 0, the density is constant and equal to 1. Lower
panel : dust mass density map (see the text for the details
of how it was built) for the same stage of the simulation. A
dust mass value of 1 corresponds to the assumed dust-to-gas
ratio of 0.01. Some clumps with larger values are observed
all over the domain.
The apparent decoupling of gas and dust could arise
due to the large differences between the particle stopping
time ts and the Larmor time, tL = mdc/|Zd|e|B|. For
all particles in the simulation at the final stage, the ratio
ts/tL is always greater to one (see Fig. 3) indicating that
the coupling with the magnetic field is dominant. We
selected some regions in the gas density map in order to
study in detail the relationship between the distribution
of dust, the gas density and the magnetic field strength.
The regions are displayed in Fig. 2 and were selected
such that a region of high (low) gas density shows values
greater (lower) than 1σ, since the gas distribution can
be approximated by a Gaussian.
At high gas density regions (Fig. 4) we observe large
values of the dust-to-gas ratio forming filaments, gener-
ally parallel to the magnetic field. Except for region H3,
where the dust density is extremely poor, the dust mean
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Figure 2. Dust-to-gas map for the final stage of the sim-
ulation. A value of 1 corresponds to the standard ratio of
0.01; larger values reveal regions where the dust density is
dominant, while the regions with a value of 0 correspond to
regions with a low or inexistent abundance of dust. Thick
(dashed) rectangles encloses regions of high (low) gas den-
sity, and the small dotted region encloses an overdensity of
dust that corresponds to a region of mid density.
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Figure 3. Histogram of the ratio ts/tL, particle stopping
time over Larmor time (in logarithmic scale), for the final
stage of the simulation. All particles show values greater
than 0 (ts/tL = 1, black dashed line), confirming the mag-
netic field coupling.
velocity is similar to the Alfvn velocity, pointing toward
a strong coupling of dust with the magnetic field. At low
gas density regions (Fig. 5), the dust filamentary struc-
ture is still observed, but there is more granulation and
the filament widths are narrower. The magnetic field in
these regions is much more intense, and the dust veloc-
ity is again similar (and for regions L1 and L4 almost
equal) to the Alfvn velocity. Finally, for the mid gas
density region (Fig. 6) we observe a hybrid behavior.
Dust filaments are also formed parallel to the magnetic
field, but the overdensities are broader and, generally,
perpendicular to the field. In this case, the mean dust
motion seems more coupled to the gas dynamics.
3.3. Filamentary dust structure
In order to better understand the properties of the
dust filaments generally decoupled from the gas (see Sec.
3.2), we analyzed in detail their properties using Fil-
Finder (Koch & Rosolowsky 2015) over the dust mass
map at the final stage of the simulation. For the anal-
ysis, we created a custom mask preprocessing the map
with the python packages scikit-image (van der Walt
et al. 2014) and scikit-learn (Pedregosa et al. 2011).
First, we binarized the map considering only pixels with
a dust mass greater than the median; then, we identified
connected regions and removed those with less than 10
pixels. The resulting mask is then passed as an argu-
ment to FilFinder together with the original dust map;
we then skipped the flattening and creation of a mask
steps and performed directly the identification and prun-
ing of filaments; the results are shown in Fig. 7.
We found useful to study the filamentary structure
over a degraded version of the map (256 × 256 px2) as
well as over the original one (1024 × 1024 px2). While
the latter represents well the fragmented structure of the
dust clumps, the former gives an overall picture of the
morphology of the dust filaments. The typical length
of the filaments in the original image is 0.04 pc, while
for the degraded image is 0.21 pc. We also computed
the typical widths of the filaments as the mean width
perpendicular to the longest path and found a value of
0.0035 pc for the high resolution image and 0.0087 pc for
the degraded one. It is evident that, although the reso-
lution of the image critically affects the filament length,
the widths are similar and an order of magnitude smaller
than the typical width of 0.01 pc for gas filaments in
molecular clouds found by Herschel (Arzoumanian et al.
2011). Table 1 summarizes all the parameters of the an-
alyzed regions.
4. DISCUSSION
We will discuss our results in the framework of the
tight relationship between gas and dust distribution re-
ported by observations and the fluctuations in the dust-
to-gas ratio predicted by theory and observations.
It is a common practice to assume a standard relation-
ship between the dust and gas abundance. However, lo-
cal variations of the dust-to-gas ratio are to be expected
(Padoan et al. 2006; Hopkins 2014), especially when the
dust particles are charged (Lazarian & Yan 2002; Lee
et al. 2017), and they are actually found in the diffuse
medium and even inside a cloud (Siebenmorgen et al.
2017; Chen et al. 2015; Reach et al. 2015) There were
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Figure 4. Zoom of four high gas density regions labeled as H1-H4. On each panel, the left coloured map represents the
normalized dust-to-gas ratio as in Fig. 2 with the magnetic field overlaid. Right panels represents the dust-to-gas velocity ratio.
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Figure 5. Same as Fig. 4 but for low gas density regions.
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Figure 6. Same as Fig. 4, but for a gas mid-density region.
Table 1. Properties of the analyzed regions
Region Dimensions < DGR > < B > < vA > < vgas > < vdust > w1024 w256
pc × pc 10−6 G 105 km s−1 105 km s−1 105 km s−1 10−3 pc 10−3 pc
H1 0.1445 × 0.1377 1.4034 0.7365 0.4757 2.9970 0.2054 4.3848 10.4492
H2 0.1211 × 0.0889 0.7981 0.8288 0.5341 2.4022 0.1347 2.9812 9.9750
H3 0.1279 × 0.1328 0.2804 1.2618 0.8060 3.0689 0.3614 3.8175 6.3313
H4 0.1309 × 0.1631 1.0903 1.0152 0.6485 2.6289 0.5579 4.1088 9.8266
L1 0.2334 × 0.1025 1.5965 2.7031 2.1238 6.2927 0.4793 3.0464 8.5227
L2 0.4434 × 0.1094 1.7674 2.4364 1.8410 5.9347 0.5972 3.2999 11.728
L3 0.0869 × 0.0322 1.9206 1.8619 1.3682 1.9823 0.1605 4.1118 8.4637
L4 0.2383 × 0.1396 1.4588 2.5140 1.91016 5.0097 0.2795 3.3617 10.919
M1 0.0615 × 0.0596 2.5137 0.7765 0.5315 6.1039 1.5340 4.9386 17.578
Note—Mean quantities for the dust-to-gas ratio (denoted by DGR), magnetic field, Alfvn velocity, gas velocity,
and dust velocity. Also included are the mean dust filament widths on each region for the original map (w1024)
and for a degraded version (w256).
some early attempts to determine the scale of the fluc-
tuations from extinction measurements (Thoraval et al.
1997, 1999) and variations of the dust size distribution
have been found in MCs (Flagey et al. 2009; Ko¨hler
et al. 2015; Go´mez de Castro et al. 2015; Beitia-Antero
& Go´mez de Castro 2017). However, most of the studies
are focused on the cool interiors of MCs since the main
interest is to determine the possible influence of this phe-
nomenon over the star formation processes. But if one
aims to understand how dust may affect star formation,
it is necessary to begin with the WNM from which MCs
are formed.
Despite the simplicity of our model and having consid-
ered an initial homogeneous distribution of dust and gas,
we have shown that the propagation of velocity waves
produce local variations of the dust-to-gas ratio, forming
narrow dust filaments aligned with the magnetic field.
Due to the random distribution of dust grains at the be-
ginning of the simulation, the ratio is not constant even
at the initial stage of the simulation, although the mean
scarcely varies with time as shown in Fig. 8. This fact
could support the argument that, at large scales, the
dust-to-gas ratio is nearly constant.
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Figure 7. Dust filaments found by FilFinder for the origi-
nal dust mass map (upper panel) and for a degraded version
with one fourth of the resolution (lower panel). Short and
numerous filaments are found for the original image, cor-
responding to the dense clumps. For the degraded image,
longer branches tracing the general shape of the filaments
are observed.
Recently, Lee et al. (2017) reported deviations of the
dust-to-gas ratio in the cold neutral medium and Hop-
kins & Squire (2018) studied in detail the spectrum of
instabilities that may arise when charged dust moves in
a magnetized gas. In particular, they report that for
the WNM the relative velocity between dust particles
and gas should be subsonic and that the dominant reso-
nances tend to form structures parallel to the magnetic
field. Our results are compatible up to a point, since the
majority of the structures are indeed aligned with the
magnetic field and the mean dust and gas velocities dif-
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Figure 8. Time evolution of the dust-to-gas ratio, denoted
by DGR. The upper panel shows, in logarithmic scale, the
mean, minimum, and maximum values of the ratio at dif-
ferent stages of the simulation (t in code units). The lower
panel shows the variations of the mean ratio (black thick
line) and the local variations when the whole simulation is
analyzed in four quadrants (gray solid line, blue dashed line,
red dotted line, and green dotted dashed line).
fer a few tens of km s−1, see Table 1. However, although
dust filaments are formed preferentially aligned with the
magnetic field, the densest dust cores are formed at in-
termediate gas densities and approximately perpendic-
ular to the magnetic field, see Fig. 6.
Additionally, we studied separately the influence of
the largest and shortest waves of the initial velocity
spectrum in the formation of dust structures. As can
be seen in Fig. 9, the shortest wave is able to generate
small dust clumps, while the longest one is the respon-
sible of the large scale structure; the intermediate waves
contribute to shape the dust structures and give them a
more complex shape.
Finally, we have tentatively explored some observa-
tional maps of HI (GALFA DR2, Peek et al. 2018) in
search for these structures, but the resolution is too low
for a comparison with our theoretical predictions.
5. CONCLUSIONS
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Figure 9. Dust-to-gas maps for single wave evolution at the
final stage of the simulation. The upper panel corresponds to
the shortest wavelength (λ = 1/24) and the simulation has
been run in a domain half the size of the original to optimize
the computational resources. The lower panel corresponds to
the longest wavelength (λ = 1). These plots show that the
shortest wavelengths are the responsible of the clumpiness,
while the longest ones define the filamentary structures.
In this work, we have presented the implementation of
a charged particles module in Athena and its application
to the study of dust dynamics in the WNM, that shares
properties with the envelopes of MCs. The model for the
WNM considers a density of n = 10 cm−3, and follows
a single population of charged dust particles of radius
0.05 µm.
We show that charged dust grains are generally cou-
pled to the magnetic field and form filamentary struc-
tures with a typical width of 0.0035-0.0087 pc. Al-
though the mean dust-to-gas ratio is globally preserved,
local variations are observed that are not always cor-
related with gas density; these variations are in con-
cordance with previous theoretical (Padoan et al. 2006;
Hopkins 2014) and observational (Siebenmorgen et al.
2017; Chen et al. 2015; Reach et al. 2015) results.
Although a more realistic model (non-ideal MHD ef-
fects and a full dust distribution) is needed, our results
highlight the importance of considering the dynamics of
charged dust for star formation studies even at a low-
density regime such as the WNM.
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APPENDIX
A. CODE TESTS
We designed two very simple tests to check that the movement of charged particles is correctly solved in 2D. Both
tests consider a positively charged grain, initially at rest, embedded in a uniform medium moving at constant speed
parallel to the x-axis. The constant magnetic field is parallel to the z-axis, perpendicular to the domain we are solving.
A.1. Lorentz force term
The first test is intended to check the integration accuracy of the Lorentz force term. The problem to be solved
analytically is:
dx
dt
= v, x(0) = (x0, x1)
dv
dt
= −v − u
ts
+Q(v − u)×B, v(0) = (0, 0)
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Depending on the ratio between ts and Q|B| .= QB, the particle motion will be dominated by gas drag (t−1s  QB)
or by magnetic effects (t−1s  QB). Hence, we run four tests up to t = 10ts for a fiducial stopping time ts = 1 and
have considered the following values for the pair (Q,B): test A (0.1, 0.1), test B (0.1, 1), test C (0.1, 10), and test D
(1, 10). For all the cases (see Fig. 10) the error in position is of the order of 10−3 or lower, and the error in velocity
is at most of the order of 10−2, which confirms that our integrator for the Lorentz term works well and preserves
the second-order accuracy. We want to note that for a magnetic-dominated medium (QB ∼ 100) it is necessary to
diminish even more the timestep in Eq. 6 because with the current implementation, the integration diverges after a
few timesteps. However, for studies of dust in the interstellar medium such harsh conditions are not expected, so the
implementation of the integrator presented here is adequate for our purposes.
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Figure 10. L2 norm for position (left) and velocity (right) for the test of the Lorentz force term and a CFL = 0.8. Black
triangles correspond to test A, for which the aerodynamic drag is dominant. For tests B (orange squares), C (red updown
triangles), and D (blue circles), the magnetic effects become increasingly dominant and oscillations in the errors are appreciable;
however, they are always of the order of 10−3 or better for position, and 10−2 or better for velocity.
A.2. Coulomb drag
This test is defined to test the Coulomb drag term in the full Eq. 1. We run test D (Q = 1, B = 10) for ν = 0.1, 1, 10
to study how it effects the transition from the aerodynamic regime to the magnetic one; the results are shown in Fig.
11 The main effect of the electric drag is the damping of the magnetic oscillation of the charged grain, that can be
rapidly supressed for large values of ν; however, it will be typically lower than Q since ν ∝ Q2 (Eq. 2). This implies
that the overall accuracy of the integrator is kept second-order, since the oscillations in the precision arise from the
effects of the Lorentz force.
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